In this work, we show that a giant spin current can be injected into a nodal topological superconductor, using a normal paramagnetic lead, through a large number of zero energy Majorana fermions at the superconductor edge. The giant spin current is caused by the selective equal spin Andreev reflections (SESAR) induced by Majorana fermions. In each SESAR event, a pair of electrons with certain spin polarization are injected into the nodal topological superconductor, even though the pairing in the bulk of the nodal superconductor is spin-singlet s-wave. We further explain the origin of the spin current by showing that the pairing correlation at the edge of a nodal topological superconductor is predominantly equal spin-triplet at zero energy. The experimental consequences of SESAR in nodal topological superconductors are discussed.
Introduction-The search for Majorana fermions in condensed matter systems has been an important topic in recent years [1] [2] [3] [4] [5] . This search is strongly motivated by the fact that Majorana fermions are non-Abelian particles and have potential applications in quantum computation [6] [7] [8] . Recently, it was further pointed out that Majorana fermions, due to their self-Hermitian properties, could induce spin currents in paramagnetic leads [9] [10] [11] and correlated spin currents in spatially separated leads [12, 13] . These properties make it possible for Majorana fermions to have potential applications in superconducting spintronics [14, 15] .
In particular, it was pointed out that a single Majorana end state of a topological superconducting wire can induce the so-called selective equal spin Andreev reflection (SESAR) at the normal lead/topological superconductor (N/TS) interface [9] . In SESAR processes, only electrons with certain spin polarization n in the normal lead can couple to the Majorana fermion and undergo Andreev reflections. Importantly, the reflected holes are due to missing electrons with the same spin polarization n below the Fermi energy. As a result, two electrons with equal spin tunnel into the superconducting wire and form a spin-triplet Cooper pair in each Andreev reflection event. On the other hand, electrons with opposite spin polarization −n in the normal lead are decoupled from the Majorana fermion and get reflected as electrons with unchanged spin. Therefore, a spin current with spin polarization in the n direction can be injected into the superconductor using a paramagnetic lead. At the same time, a spin current is generated in the lead.
In this work, instead of studying isolated Majorana modes, we study the spin transport properties of the 2D nodal topological superconductor with a large number of spatially overlapping zero energy Majorana modes at the sample edge [16] [17] [18] [19] . The zero energy edge modes are associated with Majorana flat band (MFB), which connects the nodal points of the superconductor in the projected band structure. These flat bands are analogous to the surface Fermi arcs connecting the Weyl points in Weyl semimetals [20, 21] .
Specifically, we consider a 2D semiconductor quantum well (QW) grown in the (110) direction with Dresselhaus spin-orbit coupling (SOC) and in proximity to s-wave superconductors [22] as depicted in Fig.1 . An in-plane Zeeman field can drive the system into a nodal topological phase which supports a large number of zero energy Majorana modes at the edge [23, 24] . This model is considered because many of the nodal topological superconductors studied previously, except Ref. [19] , preserve time-reversal symmetry and cannot induce spin currents.
In the following sections, we first review the SESAR processes. Secondly, using superconducting (110) Dresselhaus QW as an example, we show that giant spin currents can be injected into nodal topological superconductors using paramagnetic leads. Thirdly, to further explain the origin of the spin current, we show that the pairing correlation at the edge of the Dresselhaus QW is dominantly equal-spin triplet pairing even though superconductivity of the QW is induced by an s-wave superconductor. Finally, we discuss the experimental signatures of the equal-spin triplet Cooper pairs in nodal topological superconductors.
SESAR Majorana fermion γ is a self-Hermitian particle with the property γ = γ † [1, 6] . In general, a Majorana fermion can couple to both spin up and spin down electrons. However, due to the self-Hermitian property of the Majorana fermion, the effective coupling Hamiltonian at the N/TS interface can be written as iωγ(Ψ + Ψ † ) where Ψ = aψ ↑ + bψ ↓ is a linear superposition of spin up and spin down electrons ψ ↑/↓ in the lead with the normalized coefficients |a| 2 + |b| 2 = 1 and ω > 0 is the coupling constant. In the basis of (ψ ↑ , ψ ↓ , ψ † ↑ , ψ † ↓ ) for the scattering matrix, the Andreev reflection matrix r he and the electron reflection matrix r ee at zero energy can be easily calculated as :
It is clear from Eq.1 that
It shows that electrons with spinor (a, b) can undergo resonant Andreev reflections with unity amplitude. Importantly, the reflected hole has spinor (a * , b * ) due to missing electrons with spinor (a, b) below the Fermi energy. Consequently, a pair of equal spin electrons are injected into the superconductor at each tunnelling event, which results in equal spin Andreev reflections. On the other hand, electrons with orthogonal spinor (b * , −a * ) are totally reflected as electrons. This type of Andreev reflection processes is referred to as SESAR [9] .
With the scattering matrices, the charge conductance and the spin conductance in the j direction can be calculated as [25] :
Using Eq.1, we have G c = 2
T is the spin polarization direction of the electrons undergoing SESAR. In other words, SESAR induces quantized spin conductance in the n direction at zero bias. As long as the coupling ω is weakly energy dependent, the current at finite voltage bias is also spin polarized [9] .
MFB in Dresselhaus QW-In this section, we consider a zinc-blende (110) quantum well in proximity to s-wave superconductors as depicted in Fig.1a [22] . It has been shown that, in the presence of an in-plane magnetic field, such a system can be driven to a nodal topological phase which supports a large number of Majorana modes at the sample edges [23, 24] .
The Hamiltonian of the system, in the Nambu basis of (c k↑ , c k↓ , c † −k↑ , c † −k↓ ), can be written as [22] :
Here t denotes the hopping amplitude, µ is the chemical potential, α D is the Dresselhaus SOC strength, B = (B x , B y , 0) is the in-plane magnetic field, and ∆ denotes the induced superconducting pairing amplitude. σ i and τ i are Pauli matrices operating on the spin and particlehole basis respectively. In this section, the magnetic field is chosen to be in the y direction and |B| = B. Unlike 2D QWs with Rashba SOC k x σ y − k y σ x , where the electron spins are coupled to both k x and k y , the electron spins in the Dresselhaus QW couple to k [22, [26] [27] [28] . In one-dimensional wires, it is rather difficult to fine tune the chemical potential to satisfy this topological condition. In the current model, the effective chemical potential is a function of k y and there is a wide range of k y such that the topological condition can be satisfied for a given chemical potential. This results in the MFB.
The energy spectrum as a function of k y for a 2D quantum well with open boundary conditions in the xdirection and periodic boundary conditions in the ydirection is depicted in Fig.1b . In calculating the energy spectrum, the following tight-binding model is used:
where R denotes the lattice sites, a = x, y denotes the primitive vectors along x and y directions, s =↑, ↓ denotes spin. The bulk gap closes at k y values where
is satisfied and the nodal points are connected by the MFB as shown in Fig.1b . It is important to note that the MFB realized in this model is protected against short range disorder by a chiral symmetry CH(k x , k y )C −1 = −H(k x , k y ), where C = σ x τ y . This is similar to the case studied in Ref. [19] in which the MFB is created in a p±ip superconductor by an in-plane magnetic field.
Giant Spin Currents induced by MFB-Since each single Majorana fermion can induce spin currents, we expect that the large number of Majorana modes at the edge of a nodal topological superconductor may induce giant spin currents in leads coupled to the Majorana modes due to resonant Andreev reflections [29] . However, one has to show that there remains a large spin current after summing up the currents induced by all the Majorana modes.
To proceed, we note that at fixed k y , H(k x , k y ) in Eq.4 is in symmetry class BDI and describes a 1D Rashba wire with s-wave pairing [30] [31] [32] . Assuming periodic in y-direction and open boundary conditions in x-direction, for a fixed k y and in the topological regime where the MFB arises, the zero bias Andreev reflection matrix at the interface can be cast into the form [33] :
where U 1 and U 2 are k y -dependent unitary matrices. When the coupling between the lead and the superconductor is weak, U 1 = U 2 and the form obtained by effective Hamiltonian approach in Eq.1 is recovered. To obtain U 1 and U 2 for general coupling strengths, the scattering matrix at the N/TS interface at fixed k y can be calculated as [34] :
where α, β ∈ {e, h} label the electron or hole, and i, j, m, n label the spin degrees of freedom. G αβ mn is the retarded Green's function obtained from both H T B in Eq.5 and the Hamiltonian of the lead by assuming periodic boundary conditions in the y direction at fixed k y . Γ e/h is the electron/hole part of the broadening function at fixed k y due to the lead.
In the topological regime with a fixed k y , the channel with spinor Ψ 1 (k y ) = U 2 (k y )(0, 1)
T which undergoes electron reflection can be found by the condition r he ky Ψ 1 (k y ) = 0. On the other hand, the channel with spinor Ψ 2 (k y ) = U 2 (k y )(1, 0)
T undergoes resonant Andreev reflections at zero bias. In the weak coupling limit, the spin polarization of the SESAR process is n(k y ) = Ψ † 2 (k y )σΨ 2 (k y ). To understand the parameter dependence of the spin polarization direction, n(k y = 0) as a function of Dresselhaus SOC strength α D is shown in Fig.2a . n(k y = 0) as a function of in-plane magnetic field direction is shown in Fig.2b . The three components of n as functions of k y are shown in Fig.2c .
At finite voltage bias V , the total spin current in an arbitrary j direction can be worked out by summing up all the k y components : Fig.2d . It is evident that N is almost independent of voltage bias. As expected, the spin currents induced by the Majorana modes with different k y do not cancel each other and this results in a spin polarized current.
Pairing Correlation-In the above sections, it is shown using scattering matrices that the normal lead injects pairs of electrons with certain spin polarization into the superconductor to form Copper pairs. On the other hand, the parent superconductor which induces superconductivity in the Dresselhaus QW has s-wave pairing and it is rather surprising that the induced superconductivity on the edge of the Dresselhaus QW is predominantly spin-triplet.
To further understand the system, we calculate the real space retarded Green's function of the system:
The anomalous part of the retarded Green's function is the Fourier transform of retarded response function:
(10) It provides information about the pairing symmetry of the superconductor [35] . The four spin components of G eh s,s can be parametrized into the matrix form as: 
The retarded Green's function is calculated based on the tight-binding model in Eq.5 by recursive approach [34] . The resulting position dependence of the triplet pairing correlation |d| at zero energy is displayed in Fig.3a . The spin-singlet pairing correlation at zero energy is negligible in the whole sample. It is important to note that the triplet pairing correlation is strongest near the edges where the Majorana fermions reside.
Moreover, since the Majorana modes are protected from disorder by a chiral symmetry [19] , the spin-triplet pairing correlations survive even if onsite disorder is introduced into the sample as shown in Fig.3b . The spintriplet pairing correlation |d| of a chosen site as a function of Zeeman energy B is shown in Fig.3c . The spin-triplet pairing correlation is finite only when the superconductor enters the nodal topological phase with B > ∆. Interestingly, from the d-vector, the spin polarization direction of the Cooper pair is found to be s = i(d × d * )/|d| 2 [36] . It is shown in Fig.3d that the spin polarization direction of the Cooper pairs matches the spin polarization of the tunnelling current found in Fig.2d .
Since the Cooper pairs are spin-polarized in the s direction, a half-metal lead (such as CrO 2 [37] ) with spin polarization h parallel to the Cooper pair spin polarization direction s can freely inject Cooper pairs into the superconductor. The h dependence of the tunnelling current from a half-metal lead to the nodal topological superconductor is shown in Fig.4 . In Fig.4b , it is shown that the zero bias conductance peak (ZBCP) is very wide when h is approximately parallel to the spin polarization direction of the Cooper pair. Due to the large number m of Majorana modes at the edge, the ZBCP can be as large as 2m e 2 h due to Majorana induced resonant Andreev reflections [29] . Practically, the ZBCP is limited by the number of conducting channels in the lead. On the other hand, the width of the ZBCP is greatly suppressed when h is approximately antiparallel to the spin polarization direction of the Cooper pairs. This feature can be used to detect the Majorana fermions in nodal superconductors.
Conclusion-In this work, we show that giant spin current can be injected into nodal topological superconductors using paramagnetic leads due to SESAR. SESAR is related to the spin-triplet correlations at the edge of the topological superconductors which can be detected by tunnelling experiments.
